 2  1 
FT CCAAT box. We further demonstrate that NF-YA and NF-YB constructs that can 1 3 5 drive early flowering do this activity in an FT-dependent manner. Because SOC1 is 1 3 6 downstream of FT (40), our data further indicate that FT is a key regulatory target of NF-1 3 7 Y/CO complexes in the photoperiod-dependent flowering pathway. Arabidopsis NF-YA genes (lines described in (41) . We observed that p35S:NF-YA2 and 1 4 4 p35S:NF-YA6 expressing plants consistently flowered earlier than Col-0. Nevertheless, 1 4 5 confident interpretations of these data were complicated by the pleiotropic, dwarf 1 4 6 phenotypes in most overexpressing lines. In fact, lines that constitutively overexpressed 1 4 7 NF-YA6 were infertile and did not survive (as previously described, (41)). We were able 1 4 8 to isolate and quantify stable, third generation transgenic p35S:NF-YA2 lines and 1 4 9 compare them to several other stable lines for constitutively expressed NF-YA genes 1 5 0 ( Fig 1A) . Two independent p35S:NF-YA2 lines flowered early (~10 leaves, compared to 1 5 1 13 for wild type Col-0 plants), while overexpression of other NF-YA genes either did not 1 5 2 alter flowering or actually caused modestly later flowering. This is consistent with the 1 5 3 original observations of Wenkel (18) . We note that all of these plant lines showed similar 1 5 4 dwarf phenotypes, suggesting that our flowering time observations were not directly 1 5 5 correlated with this phenotype. appeared phenotypically normal, suggesting that the dwarf phenotypes of p35S-driven 1 7 2 lines is more related to ectopic expression than overexpression, per se. Note that our 1 7 3 previous research on NF-Y:GUS expression patterns showed that both NF-YA2 and 1 7 4 NF-YA6 had very strong vascular expression, consistent with the expected localization 1 7 5 of floral promoting genes (Fig 1C and (17, 30, 31, 33, 42, 43) . As discussed above, previous reports suggest that CO, NF-YB and NF-YC regulate 1 7 8 flowering primarily by controlling FT expression which, in turn, rapidly upregulates AP1 1 7 9 (16, 17, 28, 30, 31, 35, 40, 44) . We used the stable pNF-YA2:NF-YA2-1 plant line to test 1 8 0 if NF-YA2 regulates the same set of genes. We used the time points of seven and nine 1 8 1 days after germination because they correlate with the initiation of flowering signals in 1 8 2 long day grown plants (42). NF-YB and NF-YC do not affect the expression of CO (16, 1 8 3 17, 28); likewise, CO was not misregulated in the NF-YA2 overexpressor ( Fig 1C) . However, the expression of FT was upregulated in seven day old pNF-YA2:NF-YA2 1 8 5 plants, which was followed by significant AP1 upregulation by day nine. These results suggest that NF-YA2, like its NF-YB and NF-YC counterparts, regulates flowering by 1 8 7 controlling FT expression. We first used yeast two hybrid assays to test if NF-YB2 E65R could interact with NF-YC3, 2 1 3 NF-YC4, and NF-YC9: indeed, we found that both NF-YB2 and NF-YB2 E65R were able 2 1 4 to physically interact with the NF-YCs ( Fig 2B) . Since NF-YA trimerizes with HFD 2 1 5 dimers and not individually with NF-YB or NF-YC (50), we used yeast three hybrid 2 1 6 assays to test the ability of NF-YA2 to enter into a complex with NF-YB2 E65R and NF-2 1 7 YC9 ( Fig 2C) . As predicted, NF-YA2/NF-YB2/NF-YC9 complexes formed, but the NF- YB2 E65R provides a powerful genetic tool to test the requirement for NF-YA in 2 2 0 photoperiod-dependent flowering. The NF-YB2 E65R mutation prevents rescue of a late flowering nf-yb2 nf-yb3 mutant 2 2 3
We predicted that p35S:NF-YB2 E65R would be unable to drive early flowering in wild 2 2 4 type Col-0 or rescue the nf-yb2 nf-yb3 late flowering phenotype. We tested this by 2 2 5 overexpressing both p35S:NF-YB2 and p35S:NF-YB2 E65R in each background. As 2 2 6 previously described, here and throughout this study, we examined T1 plants as it gave for selected experiments we generated two independent T3 transgenic lines for further 2 3 0 testing (14). We found that p35S:NF-YB2 showed a trend towards earlier flowering in To confirm that NF-YB E65R was localizing properly, we compared plants expressing NF-2 5 0 YB2-YFP and NF-YB2 E65R -YFP and found that both had identical nuclear localization fused to the HA epitope). The p35S:NF-YB2 E65R T1 lines showed the expected variation 2 5 5 in NF-YB protein accumulation; note that even lines that strongly accumulated NF- insertion T3 lines showed the same pattern of late flowering regardless of high NF-2 5 9 YB2 E65R accumulation ( Fig 3C and S2C Fig) . Finally, we compared stable p35S:NF-YB2 2 6 0 nf-yb2 nf-yb3 and p35S:NF-YB2 E65R nf-yb2 nf-yb3 for expression of NF-YB2, FT, and 2 6 1 AP1 ( Fig 3E) . Although both lines had very high, ~equivalent NF-YB2 expression, 2 6 2 p35S:NF-YB2 resulted in increased FT and AP1 expression while p35S:NF-YB2 E65R 2 6 3 significantly suppressed both. Collectively, we take these data as strongly suggestive 2 6 4 data that NF-YA participation in trimer formation is important for the promotion of We previously showed that NF-YB2 and NF-YC3, together with mouse NF-YA, are able YA6 are able to bind a probe encompassing the -5.3kb CCAAT box on FT. In the 2 7 5 presence of NF-YB2/NF-YC3 dimers, NF-YA2 and NF-YA6 bound the CCAAT probe in 2 7 6 a concentration-specific manner (Fig 4) . However, neither NF-YA2 nor NF-YA6 could 2 7 7 individually bind the CCAAT probe. Further, CO did not bind the CCAAT probe, individually or in the presence of the NF-YB2/NF-YC3 dimer. We additionally tested 2 7 9 equivalent concentrations of NF-YA2 with the NF-YB2 E65R /NF-YC3 and found that this shows that plant NF-Y complexes interact and bind the FT -5.3kb CCAAT box in a 2 8 2 manner that is similar, if not identical, to the mammalian counterparts. increasing molar ratios (3, 4.5 or 6 fold), or CO (lanes 20, 21; 6 fold molar ratio). by a labelled arrowhead. fp: free probe. A potential criticism of using NF-YB E65R as a tool to demonstrate an NF-YA requirement 2 9 9 in flowering is that we do not know how it might affect interactions with other 3 0 0 components involved in photoperiod-dependent flowering. In particular, we do not know 3 0 1 if it might impact CO recruitment or binding to its CORE site. However, when a strong interactions are relevant in flowering, we expect that an NF-YB2 E65R -EDLL would not be 3 0 5 able to drive early flowering or rescue a co mutant. We first overexpressed (35S) NF-YB2-EDLL in Col-0 and extended the findings to the 3 0 8 co-2 mutant in the Ler ecotype ( Fig 5A-B) : while NF-YB2 alone did not drive early flowering (presumably the dominant negative effect again, Fig 3A) or had no effect. We but not NF-YB2 E65R -EDLL, caused earlier flowering ( Fig 5D) . Finally, we repeated the 3 1 7 entire transgenic panel in the loss of function ft-10 mutant ( Fig 5E) . Importantly, all one-way ANOVA (P<0.05) followed by Bonferroni's multiple comparison tests. We hypothesized that if NF-YA2 is able to interact with NF-YB/NF-YC dimers on the FT 3 3 0 promoter, attaching the EDLL domain to the pNF-YA2:NF-YA2 construct would also Col-0 background. Both pNF-YA2:NF-YA2 and pNF-YA2:NF-YA2-EDLL drove earlier 3 3 5 flowering ( Fig 6A) . In the co-2 background, pNF-YA2:NF-YA2-EDLL induced much 3 3 6 earlier flowering (~20 leaves earlier than co-2), whereas the control pNF-YA2:NF-YA2 3 3 7 did not ( Fig 6B) . As with NF-YB2-EDLL (Fig 5E) , NF-YA2-EDLL was completely unable 3 3 8 to induce flowering in the ft-10 background (Fig 6C) , indicating once again an FT- Our initial understanding of NF-Y roles in flowering was primarily driven by evidence of subunits identified specific NF-YB and NF-YC genes involved in flowering (16, 28, 51) . Demonstrating roles for NF-YAs has proven more difficult, since they appear to have 3 5 2 redundant functions, and overexpressing them leads to substantially deleterious 3 5 3 pleiotropic effects (41, 52, 53). Here we have attempted to work around these difficulties 3 5 4 with a variety of biochemical and genetic approaches. We provide a compelling body of Previously, NF-YAs were believed to act as negative regulators of flowering, because 3 5 9 overexpression of two NF-YA genes, NF-YA1 and NF-YA4, led to later flowering (18).
6 0
We noticed the same response with NF-YA7 and NF-YA9 overexpressors. In another 3 6 1 study by , this was also the outcome of generalized overexpression However, we find that p35S:NF-YA-EDLL and p35S:NF-YB-EDLL cannot drive early 3 7 8 flowering in the absence of FT, strongly suggesting that SOC1 is not their only target in 3 7 9 photoperiod-dependent flowering. We do not rule out the possibility that the NF-Y are 3 8 0 also involved in the direct regulation of SOC1; however, regulation of SOC1 alone 3 8 1 cannot explain the flowering phenotypes discussed here. cis-regulatory elements continue to emerge (14, 30, 31, 55) . One of these is the -5.3kb time (14, 30, 56) . We provide here formal in vitro evidence that complexes formed by 3 8 7 NF-YA2 and NF-YA6, associated with NF-YB2/NF-YC3, robustly and specifically bind to 3 8 8 this site. Interestingly, the phenotype of the -5.3kb CCAAT mutant was not as strong as 3 8 9 those from nf-y HFD loss of function alleles (14, 16) , implying that there must be 3 9 0 additional CCAAT sites bound by the NF-Y trimer in the FT promoter or that NF-Y 3 9 1 subunits also regulate non-CCAAT sites. Another set of important sites responsible for 3 9 2 CO activation, CORE, are in the proximal promoter (8, 30) . Indeed, the near complete 3 9 3 loss of photoperiod-dependent flowering responses in nf-yb2 nf-yb3 and co mutants 3 9 4 strongly argues that NF-Y complexes and CO must be necessary for function at both 3 9 5 cis-regulatory regions. In keeping with this, we recently showed that NF-Y, bound to the 3 9 6 1 9 -5.3kb CCAAT, and CO, bound to CORE sites, physically interact via a chromatin loop. Further, simultaneous mutations in the -5.3kb CCAAT, CORE1 and CORE2 sites in the 3 9 8
FT promoter nearly eliminated rescue of an ft-10 mutant (14). The importance of the - nf-yb2 nf-yb3 mutant. We formally excluded that this was due to expression levels and 4 0 6
we could also exclude that the mutant folded incorrectly for two reasons: 1) 4 0 7
Recombinant production in E. coli recovered wt and E65R as soluble proteins when co- Obviously, we cannot formally rule out the possibility that the NF-YB2 E65R mutant lost 4 1 7 interaction with proteins other than NF-YA and that this resulted in the lack of rescue of 4 1 8 late flowering. To rule out the possibility that the NF-YB2 E65R flowering phenotypes were possibly due 4 2 1 to loss of interaction with CO, we used the EDLL transactivation domain. CO was 4 2 2 previously demonstrated to provide an activation domain for the NF-Y complex and NF-4 2 3
YB2 was able to drive flowering in the absence of CO when fused to the EDLL 4 2 4 activation domain (38) . However, in the current study, p35S:NF-YB2 E65R -EDLL was not data further connects an NF-YA requirement to the capacity to bind at CCAAT elements. Finally, the flowering phenotypes for pNF-YA2:NF-YA2-EDLL were essentially the same 4 2 9
as p35S:NF-YB2-EDLL. Both constructs were able to induce flowering in co mutants, 4 3 0
were not able to induce flowering in ft-10 mutants, and drove earlier flowering in Col-0. Collectively, these data strongly suggest that NF-YA2 is required for photoperiod- Protein sequences were obtained from TAIR (http://www.arabidopsis.org (57) 
Generation of overexpression constructs 4 4 3
The p35S:NF-YB2 and the ten p35S:NF-YA constructs were previously described (41, were sequenced and other than the point mutation were identical to sequences at TAIR YB2 E65R -EDLL into pK7FWG2 (61); pNF-YA2:NF-YA2 and pNF-YA2:NF-YA2-EDLL into 4 5 7 pEarlyGate301 (60) S1 Table lists primer sequences used for cloning and mutagenesis. The cDNAs encoding for NF-YA2 (aa 134-207) and NF-YA6 (aa 170-237) were p35S:NF-YB2-YFP and p35S:NF-YB2 E65R :YFP in nf-yb2 nf-yb3 background, and nf-yb2 5 1 2 nf-yb3 seeds were cold stratified in the dark for 48-h then germinated and grown on B5 5 1 3 media under 24hr light. Six to seven-day-old seedlings were counterstained with 5 1 4 propidium iodide (PI) (50µg/mL) for five minutes, washed in DI water for five minutes 5 1 5 and whole mounted in fresh DI water on standard slides. Hypocotyls were imaged with 5 1 6
an Olympus FluoView 500 using a 60X WLSM objective. XYZ scans were taken with 5 1 7 line sequential scanning mode where fluorescent signals were sampled using a filter-5 1 8
based detection system optimized for YFP and PI with chloroplast autofluorescence 5 1 9 also detected in the latter. YFP was excited using a 488nm Argon laser whereas PI was 5 2 0 excited using a 543nm Helium Neon laser. Approximately 50 serial sections were 5 2 1
